A B S T R A C T The intrarenal gradient of renin activity was determined in rats by using superficial (S) and deep (D) cortical juxtaglomerular apparatuses (JGA's), identified and microdissected after siliconerubber compound injection. Angiotensin generated from single JGA's using partially purified sheep renin substrate was quantified by rat bioassay. When, in rats on a normal NaCl diet, silicone-rubber was injected into a carotid artery, alone or with abdominal aorta catheterization, S: D renin activity ratios were 1.18±0.08 (SEM) and 1.21+0.12, respectively. The S: D renin activity ratios obtained when silicone-rubber was injected into the abdominal aorta (2.52±0.09) or a chronic carotid artery catheter (3.44±0.40) were significantly higher (P < 0.001). The lower S: D renin activity ratios after carotid artery manipulation were due to significantly higher D-JGA renin activities. This increased D-JGA renin activity and the lack of a renin gradient appear to be related to acute carotid artery manipulation.
Alterations in JGA renin activity were examined relative to NaCl intake. 2 wk after high-NaCl diet the absolute net renin activity decreased (P < 0.001) more in S (5.84±0.11 ng AI.JGA-1.h') than D (1.73+0.06 ng AI-JGA'* h-1) JGA's, and the intrarenal renin gradient was lost (S: D-JGA renin activity, 1.00± 0.07), as compared to the regular NaCl diet. 2 wk of a low-NaCl diet resulted in a greater (P < 0.01) increase in S (14.28±1.47 ng AI.JGA'-h-') than D (9.62±1.19 ng AI.JGA1*h-h) JGA renin activity and
INTRODUCTION
The studies of Granger, Dahlheim, and Thurau (1) using a sensitive method for determination of renin activity of single juxtaglomerular apparatuses (JGA's) 1 failed to demonstrate a superficial to juxtamedullary cortical renin gradient in the rat. In contrast, a corticomedullary intrarenal renin gradient has been directly or indirectly demonstrated in a variety of other species (2) (3) (4) (5) . A recent study by de Rouffignac, Bonvalet, and Menard (6) , published while the current study was in progress, demonstrated a significant superficial to deep renin gradient in the rat, as did a previous indirect histochemical study (7) . The major methodologic difference between direct studies of glomerular renin activity which demonstrated a renin activity gradient (3, 6) and studies of juxtaglomerular renin activity which failed to demonstrate a gradient (1, 8) was that in the latter the carotid artery or jugular vein was manipulated while in the former they were not. Brown, Davies, Lever, Parker, and Robertson directly visualized glomeruli in the rabbit cortex (3) and de Rouffignac et al. (6) calculated individual renin content per glomerulus by quantifying the renin content of cortical fragments and estimating the number of glomeruli per fragment; Dahlheim, Granger, and Thurau (8) injected Evans blue dye into the jugular vein, and Granger et al. (1) injected silicone-rubber into the carotid artery.
The present study was designed, therefore, to evalu-_ ate the influence of various methods of surgical prepa1Abbreviations used in this paper: AI, angiotensin I; AII, angiotensin II; D, deep; JGA, juxtaglomerular apparatus; S, superficial. ration on the renin activity of single S and D-JGA's. In view of the proposed role of intrarenal renin as an effector mechanism for interrelating changes in nephron function to alterations in sodium chloride homeostasis (9, 10) additional studies of the effect of high-and low-NaCl intake were also performed. The results of the present study indicate that the rat, like other species (2) (3) (4) (5) , has a demonstrable intrarenal renin gradient on a regular NaCl diet. Furthermore, the results suggest that this gradient is markedly influenced by carotid artery manipulation and variations in NaCl intake.
METHODS

General
Male Sprague-Dawley rats2 weighing 275-350 g were used throughout the study. Anesthesia was induced with intraperitoneal pentobarbital (35 mg/kg body wt), and the animals were studied on a thermostatically regulated (370C) animal board. The diets used in the study were as follows:
(a) regular NaCL, consisting of standard rat chow (287 meq Na+/kg, 207 meq K+/kg, G. L. Baking Co., Frederick, Md.) and tap water; (b) high-NaCi, standard rat chow and 1% NaCl solution as the sole source of fluid intake; (c) low-NaCi, sodium-deficient rat diet (2. One carotid artery was catheterized with a short length of PE60 polyethylene tubing containing heparin solution (1,000 U/ml); the tubing was heat sealed, buried subcutaneously and the skin incision closed with wound clips; group D ("chronic carotid") was studied 4-6 days after implantation of the catheter.
Tracheostomies were not performed and the abdomen was opened in all groups at the time of study for the placement of loose ligatures around the renal pedicles. After completion of surgery in groups A-C and the time of study in group D, blood pressure was intermittently monitored (P23Gc pressure transducer, Statham Labs, Hato Rey, Puerto Rico) for 30 min; all rats with a mean pressure less than 110 mm Hg being excluded from further study.
30 min after initial vascular catheterization (groups A-C) or after establishing catheter patency (group D) 1.0-1.5 ml of a silicone rubber compound (2 parts MV117 to 1 part MV diluent, plus 0.1 part MV curing agent, Canton Bio-Medicals, Boulder, Colo.), was injected as a bolus. The injected silicone-rubber compound allowed identification and microdissection of a JGA. In group C ("double catheters") the silicone-rubber compound was injected into the abdominal aorta. The kidneys were rapidly excised and quick frozen in a dry ice-acetone mixture. The frozen specimens were stored at - 10 renin substrate levels were determined by incubating (370C) eight aliquots (0.9 ml) in the presence of excess rat renin (prepared as previously described, 13) at pH 6.0 for 30 and 60 min. The generated angiotensin was determined by using the rat bioassay (see below) and was the equivalent of 1,155±28 ng/ml of generateable AII after 60 min of incubation.
BIOASSAY OF RENIN Generation and assay of angiotensin. The generation of angiotensin and the determination of renin activity was performed with a modification of the methods of Dahlheim et al. (8) and Granger et al. (1) . A single JGA was placed in a siliconized polyethylene tube containing 0.2 ml of cold (0-40C) sheep substrate, sonicated at 25 W for two 3-s intervals using a 3.0-mm probe tip. While in a cold bath (0-40C) 5 ul each of NH4EDTA (20 mg/ml of distilled water), neomycin sulfate (20 mg/50 ml of pH 6.0 citrate buffer), and Trasylol (aprotinin, 10,000 KIE/ml, FBA Pharmaceuticals, Inc., New York) was added to the JGArenin substrate mixture to inhibit angiotensinase and converting enzyme activities. In preliminary studies the addition of diisopropyl fluorophosphate did not alter AII recovery or the endogenous generation of angiotensin and was, therefore, not utilized in the bioassay system. Incubation was carried out at 37°C for 60-120 min, the reaction being stopped by rapid freezing in dry ice-acetone. Renin activity was determined by quantifying the angiotensin thus generated in nonvagotomized, pentolinium tartrate-treated rats with AII as the standard (1, 8) Validity of renin bioassay. Additional experiments designed to evaluate the validity of this renin bioassay system were performed. The generation of angiotensin from JGA's and renin extracted from whole rat kidney (as previously described, 13 ) were compared by determining the renin activity of 12 samples of pooled JGA's alone and after the addition of a known amount, 28.6 ng AI/0.01 ml, of renal The influence of the site of vascular catheterization was further evaluated with group C ("double catheters") and group D ("chronic carotid") studies (Table  I) . In group C, in which the silicone-rubber compound was injected into the abdominal aorta, the mean S-JGA renin activity was not different from the mean D-JGA renin activity (P > 0.20). Furthermore, the S-and D-JGA renin activities in group C (double catheters") were not significantly different (P > 0.10) from the mean S-and D-JGA renin activities determined by using acute carotid artery catheterization alone (group A). These results suggest that it was not the infusion of silicone rubber compound per se which accounted for the lack of intrarenal cortical renin gradient with the acute carotid artery approach since the renin activities determined after the infusion of silicone rubber into the abdominal aorta of rats having a carotid artery catheter were not different from those determined after carotid artery catheterization alone. In contrast, in group D ("chronic carotid") the mean S-JGA renin activity was significantly greater than the mean D-JGA renin activity (P < 0.001). In addition, mean S-JGA (P > 0.05) and D-JGA (P > 0.40) renin activities in group D ("chronic carotid") were not significantly different from the values observed in group B ("acute aorta"). These results suggest that the acute manipulation of the carotid artery was responsible for the loss of the cortical renin gradient observed after acute caro- Effect of high-or low-NaCi diets. Additional studies, utilizing only the acute abdominal aorta preparation, were performed 14 days after either the high-or low-NaCl diet. Results of these studies are contained in Table II Radioimmunoassay vs. bioassay. Fig. 3 3 Comparison of JGA renin activity determined by bioassay of generated AII or radioimmunoassay of generated AI. S-and D-JGA's, three each, from rats on normal, high-, and low-NaCl diets (see text) were assayed. a0 W.. for the bioassay of angiotensin necessary for interpretation of JGA renin activity after NaCl loading or other maneuvers which may suppress JGA renin activity was established. In addition, the present study confirms the comparability of results obtained by using a biological (rat pressor response) assay of AII or radioimmunoassay of AI for quantifying generated angiotensin (15) (16) (17) 14 .0±15 ng/JGAO0.1 ml h! for superficial and 13.4±1.6 ng/JGA.0.1 mlyh for juxtamedullary JGA's, were higher than the mean values of 7.22±0.40 (S) and 6.27±0.13 ng AII JGA1 h-h (D) determined in similarly prepared rats in the present study (Table I , group A, "acute carotid"). This difference in absolute JGA renin activity values is presumably related to the lower sodium content (52 meq/ kg) of the diet used in their studies (1, 8) , rather ' The volume of renin substrate utilized has not been included in the units expressing renin activity in the present study or the report of de Rouffignac et al. (6) 
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W. Flamenbaum and R. J. Hamburger than specific methodologic differences in the generation and/or measurement of angiotensin. In this comparably prepared group (Fig. 4 , group A, "acute carotid") the ratio of S: D-JGA renin activity was 1.18±08, not statistically different from the ratio of 1.28±0.31
(P > 0.70) calculated with the results obtained by Granger et al. (1) . This similarity in S: D-JGA renin activity suggests that the techniques used to microdissect S-and D-JGA's using silicone rubber injected into the carotid artery in the present study were comparable to both the arterial preparation (1) (20) demonstrated a renal cortical renin gradient, as observed in other species (2, 4, 5) . In view of these observations additional studies were performed to evaluate the influence of surgical preparation on JGA renin activity and JGA renin gradients.
The results of these studies (Table I) suggest that the acute manipulation of the carotid artery, and not simply the injection of silicone-rubber into the carotid artery, was responsible for the lack of renin activity gradient in the rat in both the current study and that by Granger et al. (1) . A significant gradient (Fig. 4) was observed in rats by using acute abdominal aorta catheterization (group B) or chronic carotid catheterization (group D). Similarly, an intrarenal cortical renin gradient in the rat was also observed by de Rouffignac et al. (6) using indirect techniques which did not require vascular manipulation. The results of de Rouffignac et al. (6) were obtained by analyzing the renin activity of cortical fragments and backcalculating glomerular renin activity using glomerular counts in cortical fragments. Therefore, comparisons of either the ratio of S to D renin activities or the absolute renin activities with the results of the present study cannot be made. While these marked differences in techniques do not allow direct comparisons with the present results, it is apparent that a corticomedullary renin gradient was present in rats studied without manipulation of the cervical vasculature.
The mechanism by which acute carotid artery manipulation results in loss of the intrarenal renin gradient is not apparent from the present study. An inverse relationship between carotid sinus pressure and renal sympathetic nerve activity has been demonstrated in the rabbit (21) , cat (22) (23) (24) , and dog (25) (26) (27) . In addition to this inverse relationship, increased renal (sympathetic) nerve activity results in: increasedreninangiotensin system activity (28) (29) (30) , which is unrelated to glomerular filtration (31) and is quantitatively more important at systemic blood pressures > 100 mm Hg (32) ; and, increased renal vascular resistance (33) (34) (35) . Alterations in intrarenal distribution of blood flow have also been observed after carotid manipulation (18, 35) or increased splanchnic nerve activity (35) . Thus, as noted above, Logan et al. (18) observed an alteration in the distribution of intrarenal blood flow determined by using radioactive microspheres because of acute carotid occlusion for the injection of microspheres. Pomeranz, Birtch, and Barger (35) similarly observed diminished outer cortical blood flow per gram of kidney and increased inner cortical + outer medullary flow per gram of kidney after carotid occlusion, baroreceptor denervation, and splanchnic nerve stimulation. The loss of an intrarenal renin gradient after carotid artery manipulation may be subsequent to similar alterations in intrarenal blood flow. Thus, increased blood flow to deeper cortical regions may inhibit renin release resulting in increased D-JGA renin content and renin activity, and decreased outer cortical flow may promote renin release resulting in decreased S-JGA renin content and renin activity. These predicted alterations in net JGA renin activity would also be modified by changes in renal renin synthesis as well as renin release, and these suggestions, as well as any inferences concerning the participation of these alterations in JGA renin activity in the elevated circulating renin levels observed after increased renal nerve activity in other studies, must be conjectural. Furthermore, the loss of intrarenal renin gradient after acute carotid manipulation may also be a direct result of altered and/or differing sympathetic discharge in Sand D-JGA's as a consequence of carotid sinus-related baroreceptor stimulation. The demonstration of adrenergic nerve endings applied to the various elements of the JGA (36-39) supports this possibility, and sympathetic nerve-related alterations in JGA renin activity may even result in the redistribution of cortical blood flow. Regardless of the exact mechanism, the S: D-JGA renin activity ratio observed in groups A ("acute carotid") and C ("double catheters") (Fig. 4) appears to represent an experimentally induced artifact, while those observed after acute abdominal aorta (group B) or chronic carotid artery (group D) catheterization (Fig. 4, groups B and D To avoid the alterations induced by carotid artery manipulation all further studies were performed by using the abdominal aorta route. NaCl loading resulted in decreases in both S-and D-JGA renin activities, and NaCl deprivation resulted in increases in both S-and D-JGA renin activities (Table II) , consistent with the well-known relationship between NaCl intake and renal renin content. All of the individual values obtained after the high NaCl intake were above the lower limit of sensitivity, 0.5 ng AII JGA-1 h-1, and may represent maximal decreases for the NaCl intake used in the present study. The low-NaCi diet had a higher potassium content than the regular NaCi diet. In view of the demonstrated inhibitory effect of potassium on the renin-angiotensin system (40) the elevations in JGA renin activity after NaCi deprivation might have been higher, relative to those observed on the regular NaCi diet, had a more comparable potassium intake been used.
Significant changes in the total renin activities of both S-and D-JGA's were observed (Table II) on the high-and low-NaCl diets. The absolute net decrease in S-JGA renin activity, 5.84±0.11 ng AIl JGA-1 h-1, in animals on the high-NaCl diet was greater (P <0.001) than the absolute net decrease in D-JGA renin activity, 1.73±0.06 ng AI *JGA-1*h1. Similarly, after the low-NaCl diet the absolute net increase in S-JGA renin activity, 14.28±1.47 ng AIT JGA-'.h1, was greater (P<0.01) than the absolute net increase in D-JGA renin activity, 9.62±1.19 ng AI JGA1. h'. These absolute net changes suggest that S-JGA's respond more than D-JGA's to alterations in NaCl intake. When the ratios of total S: D-JGA renin activities are compared this more marked absolute response of S-JGA's to altered NaCl intake is reflected by changes in the relative intrarenal renin gradient. Thus, the mean S: D-JGA renin activities (Fig. 4) after the high-NaCl diet, 1.00+0.07, and the low-NaCl diet, 1.75+0.12, are significantly different (P <0.001) from each other. These ratios are also significantly decreased as compared to the S: D-JGA renin activities observed in rats on a regular NaCl diet after abdominal aorta catheterization (group B, 2.52 +0.09, P < 0.001) or after chronic carotid artery catheterization (group D, 3.44±0.40, P < 0.005). These relative changes in JGA renin activity, as reflected in the decreased S: D-JGA renin activity ratios observed, are consistent with an altered distribution in the cortical gradient of renin activity in response to altered NaCl intake.
The results obtained in the present study on rats on a low-NaCl diet cannot be compared to those obtained by Granger et al. (1) , using a comparable lowNaCl diet, because of the probable artifact induced by acute carotid artery manipulation. While not directly comparable, as noted above, a more marked decrease in absolute superficial glomerular renin content after NaCi loadings for 3 wk was observed by de Rouffignac and co-workers (6) .
